While the effects of growth from birth to expected term on the subsequent development of preterm children has attracted plentiful attention, less is known about the effects of postterm growth. We aimed to delineate distinct patterns of post-term growth and to determine their association with the cognitive development of preterm children. Data from a prospective population-based cohort of 3,850 surviving infants born at less than 35 weeks of gestational age were used. Growth was assessed as the Body Mass Index (BMI) Z-scores at 3, 9, 18, 24, 36, 48, and 60 months. Cognitive development at five years of age was evaluated by the Global School Adaptation score (GSA). Latent class analysis was implemented to identify distinct growth patterns and logistic regressions based on propensity matching were used to evaluate the relationship between identified growth trajectories and cognitive development. Four patterns of post-term growth were identified: a normal group with a Z-score consistently around zero during childhood (n = 2,469; 64%); a group with an early rapid rise in the BMI Z-score, but only up to 2 years of age (n = 195; 5%); a group with a slow yet steady rise in the BMI Z-score during childhood (n = 510; 13%); and a group with a negative Z-score growth until 3 years of age (n = 676; 18%). The group with a slow yet steady rise in the BMI Z-score was significantly associated with low GSA scores. Our findings indicate heterogeneous post-term growth of preterm children, with potential for association with their cognitive development.
Introduction
Among potential sequelae associated with preterm birth, sub-optimal cognitive development is prominent even in the absence of neonatal morbidities [1, 2] with however a high individual a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 variability among preterm children. To explain this observed heterogeneity, several studies have specifically focused in the past decade on the association of atypical growth during childhood with subsequent cognitive development [3] [4] [5] . Although considerable attention has been focused on the effects of growth from birth to expected term, less is known about the effects of post-term growth on the cognitive development of preterm children [6] . Because post-term growth is a modifiable risk factor, the associated long-term health consequences are of utmost significance to the management of preterm children in their follow-up care after discharge.
Furthermore, to improve the identification of existing relationships between growth and health outcomes, several recent longitudinal studies have tried to identify and characterize distinct trajectories of Body Mass Index (BMI) in pediatric population [7] [8] [9] [10] [11] [12] [13] [14] using data-driven statistical methods, such as latent class analysis (LCA) [15] [16] [17] [18] [19] . Although these methods have the potential to identify subgroups of high-risk children and thus provide new strategies for early prevention or intervention, we found no study which used neither longitudinal data nor examine the possibility of individual heterogeneity in post-term growth of preterm children.
In this context, the purpose of the current study was 1) to delineate distinct patterns of post-term growth measured as BMI Z-score trajectories over a period of 5 years from a large prospective population-based cohort of preterm children, 2) to identify perinatal characteristics predictive of these BMI Z-score trajectories and 3) to determine whether BMI Z-score trajectories are associated with the cognitive development at 5 years of age.
Methods

Ethics statement
This observational study was performed in accordance with the French regulations. The LIFT cohort is indeed registered with the French data protection authority in clinical research ("Commission Nationale de l'Informatique et des Libertés", No. 851117). This study was approved by a relevant ethic committee (groupe nantais d'éthique dans le domaine de la santé). Informed written consent was obtained from the two parents of each child prior to their inclusion.
Study area and population
This study included all surviving infants born at less than 35 weeks of gestational age between 2003 and 2008 in the Pays de la Loire (PDL) region of France. The participants were enrolled in the regional Loire Infant Follow-up Team (LIFT) network, which was implemented in 2003 to follow infants born in the PDL region at a gestational age of 35 weeks or less. The LIFT network includes all the 24 maternity clinics located in the PDL, of which three have neonatal intensive care units. Trained physicians monitor the children in a standardized manner at 3, 9, 18, and 24 months and at 3, 4, and 5 years of age. In our analysis, we included children who had three or more measurements of their height and weight recorded as part of their medical follow-up to allow BMI trajectories to be reasonably inferred [16] .
Data collection
In the LIFT cohort, a large set of perinatal data are collected at birth and at hospital discharge for all included children. These data are extracted from medical records and mainly concern (i) mother administrative and socio-economic conditions (ii) pregnancy complications, (iii) medication during pregnancy, (iv) characteristics of the delivery (v) child's condition at birth and at discharge, (vi) neonatal diseases, (vii) organization of care and management after birth, (viii) child's treatment and medication and (ix) brain anomalies assessed by ultrasound/ magnetic resonance imaging techniques. Data concerning the growth, neurological, motor, visual and hearing assessment are also directly recorded by the neonatologists during the clinical examination preceding discharge.
A set of 20 exploratory variables describing perinatal characteristics shown or strongly suspected to be associated with the cognitive development and /or the post-term growth of children were specifically used in this study: 1) characteristics of the child (e.g. gender; gestational age estimated during the prenatal period using maternal dates of expected delivery based on last menstrual period, Z-scores of weight and head circumference at birth and at discharge computed according to the Olsen standards [20] ; and the year of birth), 2) characteristics of the mother and her pregnancy (e.g. administration of antenatal corticosteroids, multiple pregnancy, hypertension during pregnancy, social security benefits for individuals with a low income, and socioeconomic level), 3) characteristics of the neonatal hospitalization (e.g. the apgar score, intubation at birth, late-onset infection defined as proven or highly probable bacterial infection occurring after the first three days of life and treated by antibiotics for 8 or more days, surgery, severe cranial ultrasound/MRI abnormalities defined as intraventricular hemorrhage with ventricular dilation and intraparenchymal hemorrhage, bronchopulmonary dysplasia defined as a requirement for supplemental oxygen at 28 days, and necrotizing enterocolitis), and 4) child nutrition/growth characteristics during hospitalization (e.g. the length of parenteral nutrition, breastfeeding defined as readily taking the breast at discharge, and the difference in Z-scores of birth weight and weight at discharge).
BMI assessment
Post-term growth was assessed from 3 months to 5 years of age, using the BMI at 3, 9, 18, and 24 months and 3, 4, and 5 years of post-menstrual age. Weight, height, and head circumference (HC) were measured, either by a physician or other health personnel. Recumbent length was measured in children <2 years of age, and standing height was measured from the age of 2 onward. As recommended elsewhere [21] , the post-term BMI as well as weight, height, and HC were transformed into standardized Z-scores by using the LMS method according to the ''WHO child growth standards" for children less than 1,856 days of age, and according to the ''WHO growth standards for school-aged children and adolescents" thereafter [22, 23] . When studying growth in preterm children, it is additionally recommended to adjust for gestational age [21] . Mainly for practical reasons, it is also recommended to adjust for at least 2 years of chronological age [21] . Because this study is focused on the temporal dynamic of BMI-Z-score over a period going beyond 3 years of age, it was decided to adjust for gestational age on all growth measures (3 months -5 years of age) in view to avoid artificial breaks in identified growth trajectories.
Cognitive assessment at five years of age
The Global School Adaptation (GSA) score was used to assess the level of cognitive development of the preterm children at 5 years of age. It was originally designed as a tool for teachers to assess a child's abilities and behavior in the classroom [24, 25] . Our team has established that this score is a simple and reliable screening tool for assessing cognitive development in preterm children at five years of age [26] . In this validation study, the overall correlation between IQ and GSA scores was indeed 0.56 (0.50 when only considering children without severe brain anomalies) and only 10.8% of children were shown to have divergent IQ and GSA scores. At the age of five years ± two months, the questionnaire was given to the parents of the children followed by the network, who then forwarded it to the children's teachers. It comprised six questions investigating linguistic competence, and five questions investigating non-verbal abilities. A further eight questions addressed the child's behavior in the classroom. The final question solicited the teacher's outlook in regard to the child's future adaptation to school life. The total score was calculated by adding the points from the 20 questions, thus resulting in values ranging from 20 to 60.
Statistical analysis
All of the analyses were performed with the statistical software R. LCA identifies distinct groups of individuals who are homogeneous with respect to the kinetics of change of a factor over time, but heterogeneous as compared with other groups [27] . The LCA model was specified as a linear mixed-effects model with BMI Z-scores as the dependent variable. A mixedeffect model was used to account for the correlation of repeated measurements with each child. The trajectory shape was modeled using a cubic function of BMI assessment times. To identify the number of trajectories, we selected the model having the lowest Bayesian Information Criterion (BIC). To warrant clinical relevance, however, we used a prior requirement of at least 5% of the population of preterm children in each group. A posterior probability of membership in each of the identified latent trajectories was calculated for each child. Each child was then assigned exclusively to the trajectory for which the highest probability was obtained. To determine the perinatal factors predicting the identified BMI Z-score trajectory memberships, a multiple multinomial logistic regression, weighted by the estimated posterior trajectory membership probabilities, was computed. The set of 20 previously described exploratory variables were simultaneously used in this multiple analysis. The "normal" trajectory was defined as the reference trajectory. To evaluate the relationship between abnormal trajectories and low GSA scores, GSA scores were dichotomized according to the 25th percentile (GSA scores <44, versus GSA scores >44). Similarly to recent studies in the area [28] , models based on propensity score matching were used to avoid bias due to systematic differences in the distribution of baseline characteristics between exposed and non exposed children and balance confounders between exposure groups, thus reducing bias [29] . Because gestational age, birth weight Zscore, and gender are known to be strongly associated with the cognitive development of children, we supplementary adjusted final models with these three variables. To assess the robustness of our results, crude associations as well as associations adjusted only on gestational age, birth weight Z-score and gender were also computed. To calculate the propensity scores, predictions from the previously described multinomial logistic regression model were used. Calculated propensity scores were thus based on the set of 20 previously described exploratory variables. For each abnormal trajectory, we used a 1:3 matching algorithm without replacement, to match children belonging to this trajectory with children belonging to the "normal" trajectory based on gestational age, gender, birth weight Z-score, and propensity score within a caliper of 0.2 standard deviations of the logit of the propensity score [30] . Imbalance after matching was checked. Logistic regressions fit by generalized estimating equations were used to account for paired data [31] . (Fig 1) .
Descriptive statistics of children included and not included in the LCA analysis are presented in Table 1 . Children not included differed significantly in terms of gender, gestational age, socioeconomic level, multiple pregnancy, administration of antenatal corticotherapy, severe cranial abnormalities, late-onset infection occurrence, length of parenteral nutrition, and breastfeeding at discharge. Of the 3,850 children included in the LCA analysis, BMI measurements at 3, 9, 18, 24 months and 3, 4, and 5 years of age were available for 3,516 (91%); 3,486 (91%); 3,429 (89%); 3,413 (89%); 3,107 (81%); 2,605 (68%); and 2,148 (56%) of the participants, respectively.
BMI Z-score trajectories
The four distinct mean trajectories that best characterized the complex developmental course of BMI Z-scores over the first 5 years of life in the included preterm children are shown in Fig  2. The associated developmental course of weight, height, and HC Z-scores were also plotted (Figure A in S1 File). The same trajectories were observed when only one child from those of a same multiple pregnancy was included in the LCA (Figure A in S1 File).
Descriptive statistics of children according to each trajectory are presented in Tables A and B in S1 File. The "normal" trajectory was the most common (n = 2,469; 64%), and was characterized by a mean value that was more or less a flat line deviating by approximately -0.25 Zscore from the null line for ideal growth as defined by the WHO standards. The ''slow loss" trajectory, comprising 18% (n = 676) of the children, had an initial positive mean Z-score level at 3 months of age, and a negative Z-score growth until 3 years of age, which gradually became less negative thereafter. The ''slow gain" trajectory, comprising about 13% (n = 510) of the children, had an initial negative mean Z-score level at 3 months of age, with a subsequent continuous rise in the BMI Z-score over the 5 year period. The ''rapid gain" trajectory, comprising only about 5% (n = 195) of the children, had a low initial mean Z-score level at 3 months of age, and an early rapid rise in the Z-score up to 2 years of age only, followed by a slow decline thereafter. At five years of age, the mean Z-score levels of the four trajectories were close to the WHO standards.
Perinatal predictors of BMI Z-score trajectories
Associations of perinatal predictors with BMI Z-score trajectories are presented in Table 2 . The "normal" trajectory was taken as the reference group. Male children with a gestational age of less than 32 weeks, a birth HC Z-score less than -1, a difference in Z-scores between birth weight and weight at discharge exceeding -1, or who were not being breast fed at the time of discharge, had a significantly higher risk of fitting the "slow loss" trajectory (p<0.05). Male children with a negative birth weight Z-score had a significantly higher risk of fitting the "slow gain" trajectory, compared to the "normal" trajectory. Male children, having had a late-onset infection during their hospitalization, a difference in Z-scores between birth weight and weight at discharge of less than -1, or who were being breast fed at the time of discharge, had a significantly higher risk of fitting the "rapid gain" trajectory.
Association between GSA score and BMI Z-score trajectories
On the 3,850 children included in the latent class analysis, only 2,385 (62%) children had no missing data in regard to the GSA score. Descriptive statistics of children with or without GSA scores are presented in Table 3 . Children with no GSA score differed significantly in terms of year of birth, socioeconomic level, social security benefits for low income and breast feeding at discharge. The median GSA score was 52 in children with GSA score [interquartile range: 44-56]. Fig  3 shows the associations of BMI Z-score trajectories with GSA scores < 44. In the three models, only the "slow gain" trajectory was significantly and positively associated with low GSA scores at five years of age, when compared to the "normal" trajectory. Neither the inclusion in the analysis of only one child from those of a same multiple pregnancy (Figure C in S1 File) nor a supplementary adjustment based on hospital growth (Figure D in S1 File) modified the observed relation. The matched groups were found to be well balanced for all of the recorded variables (Tables E, F and G in S1 File). Post-term growth and cognitive development in preterm children
Discussion
In this study, four distinct groups of post-term BMI Z-score trajectories from 3 months to 5 years of age were identified in preterm children by the LCA analysis. Overall, the BMI Z-scores were very similar at 60 months of age in the four identified trajectories. Confirmation of these results would underscore the appropriateness of focusing on the temporal dynamics of postterm growth to study its association with development of preterm children. Children from the three "abnormal" trajectories differed significantly in regard to important variables, such as the children's gender, gestational ages, birth weights, and HC Z-scores, hospital growth and breastfeeding at the time of discharge, when compared with those of the "normal" trajectory. Additionally, we showed that the "slow gain" trajectory was significantly associated with low GSA scores at five years of age, independently of hospital growth and others factors known to be associated with cognitive development of preterm children. In our study, being male was found to be a significant predictor of being classified in one of the three atypical trajectories. This result is in accordance with what was previously found in regard to the BMI trajectory [8] , level of prematurity [32] , and associated long term adverse events [33] . Association between abnormal BMI Z-score trajectories and low GSA scores at five years of age using (A) unadjusted logistic regression (B) logistic regression adjusted for gender, birth weight Z-score, and gestational age and (C) logistic regressions adjusted for gender, birth weight Z-score, and gestational age based on propensity matching. The reference trajectory is the "normal" trajectory. Propensity score matching were performed using a set of 20 variables reflecting the characteristics of the child, the characteristics of the mother and her pregnancy, the characteristics of the neonatal hospitalization, as well as the child nutrition/growth characteristics during hospitalization.
It has been shown that individuals who are born preterm often exhibit a substantial growth failure in the early postnatal period, usually followed by catch-up growth over the subsequent 2 years [34] . This growth profile is typical of our group of rapid BMI Z-score gainers, and represented approximately 5% of our population. This profile was previously shown to be beneficial in terms of cognitive outcomes, but detrimental in regard to metabolic outcomes in adulthood [35] . The observed association between suboptimal initial weight gain and breastfeeding at discharge is also consistent with what has already been presented in the literature [36] . Surprisingly, associated children corresponded to those with the most severe neonatal morbidities, and therefore would have been expected to show lower GSA scores when compared to the normal group.
Several studies that focused either on children who were born preterm or who were small for their gestational age have shown that a loss of weight Z-score or a small gain in growth Zscore during early childhood is associated with a higher risk of developmental impairment later in childhood [4] . According to our LCA analysis, this population is heterogeneous, and it is composed of two distinct groups: a group of slow BMI Z-score gainers, mainly associated with low birth weight; and a group of slow BMI Z-score losers, mainly associated with both low gestational age and birth HC. These two groups represented 13% and 18% of our sample, respectively. Only the group of slow gainers was shown to be associated with cognitive impairment at 5 years of age.
All these results are an imperfect reflection of the underlying complex interplay in preterm children between prematurity, neonatal morbidities, nutrition, early neonatal and post-term growths, and long-term development. Further investigations of these aspects will be needed in order to gain a better insight regarding the key factors at play.
The current results are subject to several limitations. Firstly, to avoid a potential sensitivity of fit indices to missing measurements in regard to the BMI trajectory, we chose to include only children who had three or more BMI measurements in our analysis. When comparing children included and not included in the LCA, significant differences could be seen. Healthier preterm children were indeed overrepresented in those not included in the LCA. Absolute differences in characteristic distribution were, however, small indicating that this restriction did not result in obvious selection bias. Furthermore, this selection bias is mainly expected to affect the proportions of persons in each trajectory but is unlikely to impact the shapes of the trajectories themselves. The GSA score evaluation was also only available for 62% of the preterm children included in the LCA analysis. The rate and characteristics of attrition are similar to those of other large longitudinal studies in the areas [37] and indicated that preterm children from higher socioeconomic levels were overrepresented. Although our study was a large population-based study of 2385 children with a valid cognitive evaluation at 5 years of age, our results should hence be interpreted with a degree of caution due to this potential pitfall. A second limitation is the use of the GSA score to assess cognitive development. Although our team has established that this score is a simple and reliable screening tool for assessing cognitive development in preterm children at five years of age [26] , this questionnaire was originally developed to asses a child's abilities and behavior in the classroom. It may be influenced by subjective factors, such as the child-teacher relationship. Nonetheless, this score assesses the child in their own environment, and it compares the child with other children from the same school class who thus constitute the control group. It is of particular relevance in terms of the behavior and socialization of the children [26] . Thirdly, the main limitation is uncontrolled confounding. To control for this, we performed a propensity score analysis, and we made a rigorous adjustment for confounding factors, thereby minimizing the likelihood of incorrectly determining the association between abnormal trajectories and lower GSA scores. Data regarding perinatal or post-term characteristics that are known to influence the children's development, such as maternal age/BMI or specific pathologies occurring during childhood are however lacking in our study. Fourthly, Z-score BMI is only one way to quantitatively describe changes of child growth over time. There is also mounting evidence that, in addition to the quantity, monitoring of the quality of growth changes may play an important role in explaining the relationship between early growth patterns and future health [38, 39] . Additionally, Olsen and WHO standards were used to compute both preterm and post-term Z-scores. Other standards however exist [40] . Further studies using alternative markers of both quantity and quality of growth are needed.
Conclusions
Our findings indicate heterogeneous post-term growth of preterm children, with potential for association with their cognitive development. Four different growth patterns were identified and a distinguished group of children characterized by a slow increase in growth during childhood was significantly associated with low cognitive development at five years of age. Additional experimental research is, however, clearly needed to confirm the observed association, so as to better understand the characteristics underlying these growth trajectories.
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